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Abstract: We study the dynamical symmetry breaking in the gauge-Higgs unification of
the 5D N = 1 SUSY theory, compactified on an orbifold, S1/Z2. This theory identifies
Wilson line degrees of freedoms as “Higgs doublets”. We consider SU(3)c × SU(3)W and
SU(6) models, in which the gauge symmetries are reduced to SU(3)c×SU(2)L×U(1)Y and
SU(3)c×SU(2)L×U(1)Y ×U(1), respectively, through the orbifolding boundary conditions.
Quarks and leptons are bulk fields, so that Yukawa interactions can be derived from the 5D
gauge interactions. We estimate the one loop effective potential of “Higgs doublets”, and
analyze the vacuum structures in these two models. We find that the effects of bulk quarks
and leptons destabilize the suitable electro-weak vacuum. We show that the introduction
of suitable numbers of extra bulk fields possessing the suitable representations can realize
the appropriate electro-weak symmetry breaking.
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1. Introduction
Recently, there are much progress in the higher dimensional gauge theories. One of the
most fascinating motivations of considering the higher dimensional gauge theory is that
gauge and Higgs fields can be unified[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. We call this scenario
as the gauge-Higgs unification. The higher dimensional components of gauge fields become
scalar fields below the compactification scale. These scalar fields are identified with the
“Higgs fields” in the gauge-Higgs unified models. The “Higgs fields” have only finite masses
of order the compactification scale, since the masses of “Higgs fields” are forbidden by the
higher dimensional gauge invariance. The “adjoint Higgs fields” can be induced through the
S1 compactification in 5D theory, while the “Higgs doublet fields” can be induced through
the orbifold compactifications. In order to obtain the “Higgs doublets” from the gauge fields
in higher dimensions, the gauge group must be lager than the standard model (SM) gauge
group. The gauge symmetries are reduced by the orbifolding boundary conditions of extra
dimensions. The identification of “Higgs fields” as a part of the gauge supermultiplet has
been considered in 5D N = 1 supersymmetric (SUSY) gauge theory whose 5th coordinate
is compactified on S1/Z2 orbifold[4, 5, 6, 7, 9, 11]. Also in 6D N = 2 SUSY gauge theory1,
the gauge-Higgs unification has been considered on T 2/(Z2 × Z ′2) orbifold[5].
This paper considers the former scenario, the 5D N = 1 SUSY theories compactified on
an orbifold, S1/Z2, in which the Wilson line degrees of freedoms (d.o.f.) can be identified
as “Higgs doublets”. We consider SU(3)c × SU(3)W and SU(6) models, where the gauge
symmetries are reduced to SU(3)c × SU(2)L × U(1)Y and SU(3)c × SU(2)L × U(1)Y ×
U(1), respectively, through the orbifolding boundary conditions. The case that quarks
and leptons are localized on the 4D walls has been studied in Ref.[12]. This paper is
concentrating on the case that quarks and leptons are bulk fields. In this case, Yukawa
interactions can be derived from the 5D gauge interactions[6]. We calculate the one loop
1The 6D N = 2 SUSY gauge theory corresponds to the 4D N = 4 SUSY gauge theory.
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effective potential[12, 13, 14, 15] of “Higgs doublets”, and analyze the vacuum structure
of the models. We find that the effects of bulk quarks and leptons destabilize the suitable
electro-weak vacuum. We show that the introduction of suitable numbers of extra bulk
fields possessing the suitable representations makes two appropriate scenarios be possible.
One is the situation that the one loop effective potential chooses symmetric vacuum at the
high energy (compactification) scale, and the electro-weak symmetry breaking is realized
by other effects[11] in the low energy. The other is the situation that the one loop effective
potential chooses the suitable electro-weak vacuum in a few TeV compactification scale2.
Here the masses of “Higgs doublets” become O(100) GeV.
2. Gauge-Higgs unification on S1/Z2
At first let us show the notation of the 5D N = 1 SUSY gauge theory, which corresponds
to the 4D N = 2 SUSY gauge theory[16]. The gauge supermultiplet, (V,Σ), of the N = 2
SUSY gauge theory is written as
V = −θσµθ¯Aµ + iθ¯2θλ− iθ2θ¯λ¯+ 1
2
θ¯2θ2D, (2.1)
Σ =
1√
2
(σ + iA5) +
√
2θλ′ + θ2F. (2.2)
A5 is the 5th component of the 5D gauge field. In the non-abelian gauge theory, the gauge
transformation is given by eV → h−1eV h¯−1 and Σ → h−1(Σ + √2∂y)h, where we denote
h ≡ e−Λ, h¯ ≡ e−Λ¯ and V ≡ V aT a, Σ ≡ ΣaT a, Λ ≡ ΛaT a. Then the action is given by
S5D =
∫
d4xdy
[
1
4kg2
Tr
{∫
d2θWαWα + h.c.
}
+
∫
d2θ
1
kg2
Tr
(
(
√
2∂¯y + Σ¯)e
−V (−
√
2∂y +Σ)e
V + ∂¯e−V ∂eV
)]
, (2.3)
where Tr(T aT b) = kδab.
As for the hypermultiplet, (H,Hc), they transform H → hH and Hc → hc−1Hc under
the gauge transformation, where h = e−Λ
aTa and hc = (h−1)T = (eΛ
aTa)T . The action of
them is given by
SH5D =
∫
d4xdy
[∫
d4θ(HceV H¯c + H¯e−VH)+
+
[∫
d2θ
(
Hc
(
m+
(
∂y − 1√
2
Σ
))
H
)
+ h.c.
]]
. (2.4)
This means that Σ must change the sign under the Z2 projection, P : y → −y, and bulk
constant mass m is forbidden3. The field Hc is so-called mirror field, which should have
2We should assume the baryon number symmetry to avoid rapid proton decay.
3When the y dependent mass m(−y) = −m(y) is introduced, it makes the zero mode wave-function in
the bulk be localized at y = 0[17].
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the opposite parity of P compared to H, since it is the right-handed field. Thus, the parity
operator P acts on fields as
V (y) = PV (−y)P−1, Σ(y) = −PΣ(−y)P−1, (2.5)
H(y) = ηT [P ]H(−y), Hc(y) = −ηT [P ]Hc(−y). (2.6)
T [P ] represents an appropriate representation matrix, for example, when H is the funda-
mental or adjoint representation, T [P ]H means PH or PHP †, respectively. The parameter,
η is like a intrinsic parity eigenvalue, which takes ±1. As for the reflection around y = piR
denoted as P ′, which is reproduced by the product of transformations, y → −y and
y → y + 2piR, the bulk fields transform as
V (piR − y) = P ′V (piR + y)P ′−1, Σ(piR− y) = P ′Σ(piR+ y)P ′−1, (2.7)
H(piR− y) = η′T [P ′]H(piR+ y), Hc(piR− y) = η′T [P ′]Hc(piR + y), (2.8)
where η′ = ±.
We will consider nontrivial P and P ′ in the gauge group base in order to regard the
zero mode components of Σ chiral superfield as the “Higgs doublet”. In this case, the
F -term interaction in Eq.(2.4)
WY ⊃ HcΣH, (2.9)
which is invariant under the Z2 projections, can be regarded as the “Yukawa interactions”.
The interaction in Eq.(2.9) connects the chiral and mirror fields through the chirality flip,
which seems to be really Yukawa interaction in the 4D theory. This theory proposes that
the origin of “Yukawa interactions” exist in the 5D gauge interactions.
3. SU(3)c × SU(3)W model
Now let us study the SU(3)c ×SU(3)W model, where the Higgs doublets can be identified
as the zero mode components of Σ[4, 5, 6]. We consider the case that quarks and leptons
are introduced in the bulk to produce Yukawa interactions as Eq.(2.9)[6, 7, 9]. We analyze
the vacuum structure of this model.
This model takes parities as
P = P ′ = diag(1,−1,−1), (3.1)
in the base of SU(3)W
4, which divide V and Σ as
V =

 (+,+) (−,−) (−,−)(−,−) (+,+) (+,+)
(−,−) (+,+) (+,+)

 , (3.2)
Σ =

 (−,−) (+,+) (+,+)(+,+) (−,−) (−,−)
(+,+) (−,−) (−,−)

 . (3.3)
4We take P = P ′ = I for SU(3)c.
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This suggests that SU(3)W is broken down to SU(2)L × U(1)Y , and there appear two
“Higgs doublet” superfields as the zero modes of Σ5.
The scalar component of Σ can take the vacuum expectation value (VEV) written as
1
gR
∑
a aa
λa
2 . We can always take VEV as
〈Σ〉 = 1
2gR

 0 0 a0 0 0
a 0 0

 (3.4)
by using the residual SU(2) × U(1) global symmetry6. We adopt Scherk-Schwarz (SS)
SUSY breaking[18, 19, 20, 21]. The effective potential induced from the gauge sector is
given by[12, 13]
V gaugeeff = −2C
∞∑
n=1
1
n5
(1− cos(2pinβ))[cos(2pina) + 2 cos(pina)], (3.5)
where C ≡ 3/(64pi7R5). The β parameterizes SS SUSY breaking, for which we take
β/R = O(100) GeV, since the soft mass is given by O(β/R)[14].
Next, let us calculate the effective potential induced from the quarks and leptons in
the bulk. As in Ref.[6], we introduce 3, 6, 10, and 8 representation hypermultiplets of bulk
quarks and leptons in order to reproduce the Yukawa interactions of up-, down-, charged
lepton-, and neutrino-sectors, respectively. They all possess ηη′ = + in Eqs.(2.6) and (2.8).
Their contributions to the effective potential are given by
V
q/l
eff = 2NgC
∞∑
n=1
1
n5
(1− cos(2pinβ)) × [3fu(a) + 3fd(a) + fe(a) + fν(a)], (3.6)
fu(a) = cos(pina), (3.7)
fd(a) = cos(2pina) + cos(pina), (3.8)
fe(a) = cos(3pina) + cos(2pina) + 2 cos(pina), (3.9)
fν(a) = cos(2pina) + 2 cos(pina), (3.10)
where Ng is the generation number of quarks and leptons in the bulk, and fu(a), fd(a),
fe(a), and fν(a), are contribution from up-, down-, charged lepton-, and neutrino-sectors,
respectively. The coefficients 3 in front of fu(a) and fd(a) denote the color factors. The
contributions from the fundamental, 3, the symmetric tensor, 6, and the adjoint, 8,
representations are shown in the general formula in Ref.[13]. The remaining contribution
from 10 representation can be calculated by use of the calculation method in Ref.[13] as
follows.
The VEV in Eq.(3.4) is proportional to one generator of SU(2)13 that operates on the
2 × 2 submatrix of (1, 1), (1, 3), (3, 1) and (3, 3) components. The 10 is decomposed as
5There appears one “Higgs doublet” as a zero mode of A5 in a non-SUSY theory.
6Since this is the D-flat direction, there does not appear the tree-level quartic couplings in the effective
potential. We can show that the vacuum exists on the D-flat direction under the Scherk-Schwarz SUSY
breaking. Some low energy contributions might make the vacuum off the direction, but we assume it is not
so large. Anyway, our scenario shows tanβ ≃ 1.
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4+ 3+ 2+ 1 under the base of SU(2)13. The U(1) charge for the VEV direction, Eq.(3.4),
is given by
(+3/2,+1/2,−1/2,−3/2︸ ︷︷ ︸
4
,+1,−1, 0︸ ︷︷ ︸
3
,+1/2,−1/2︸ ︷︷ ︸
2
, 0︸︷︷︸
1
). (3.11)
This means that the eigenvalues of Dy(A5)
2 for a 10 representation field B are
2× n
2
R2
,
(n± 3a/2)2
R2
,
(n± a)2
R2
, 2× (n± a/2)
2
R2
. (3.12)
Here eigenfunctions of B are expanded as B ∝ cos nyR , sin nyR , since (P,P ′) of components
of B are either (+,+) or (−,−). Therefore, the contribution from the 10 representation
to the effective potential is
i
2
∫
d4p
(2pi)4
1
2piR
∞∑
n=−∞
[
ln
(
−p2 +
( n
R
)2)
+ ln
(
−p2 +
(
n− 3a/2
R
)2)
+ ln
(
−p2 +
(
n− a
R
)2)
+ 2 ln
(
−p2 +
(
n− a/2
R
)2)]
.
=
C
2
∞∑
n=1
1
n5
[cos(3pina) + cos(2pina) + 2 cos(pina)], (3.13)
up to a-independent terms, for one degree of freedom of fermion. This is the derivation of
Eq.(3.9).
Then, the total effective potential is given by
Veff = V
gauge
eff + V
q/l
eff = 2C
∞∑
n=1
1
n5
(1− cos(2pinβ)) ×
[Ng cos(3pina) + (5Ng − 1) cos(2pina) + (10Ng − 2) cos(pina)] (3.14)
Seeing the 1st derivative of Veff , each term of ∂Veff/∂a has a factor sin(pina), which means
that the stationary points exist at least at a = 0 and a = 17. The difference of the heights
between two points is given by
Veff(a = 0)− Veff(a = 1) = 4(11Ng − 2)C
∞∑
n=1
1
(2n − 1)5 (1− cos(2pi(2n − 1)β)).(3.15)
This means that the height of a = 0 point is higher than that of a = 1 even when there
are one generation quarks and leptons in the bulk. The vacuum at a = 1 point induces the
Wilson loop,
WC = exp
(
ig
∫ 2piR
0
dy 〈Σ〉
)
= exp

ig2piR 1
2gR

 0 0 10 0 0
1 0 0



 =

−1 1
−1

 , (3.16)
7The potential has the symmetry Veff(−a) = Veff(a), so that we should only check the region of 0 ≤ a ≤ 1.
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which suggests SU(2)L × U(1)Y is broken down to U(1)EM × U(1) at the energy scale of
O(R−1). So this case can not reproduce the correct weak scale VEV, since the compacti-
fication scale should be higher than the weak scale. Notice here that it does not mean the
model in Ref.[6] is incorrect. There the suitable background VEV is introduced in order to
make bulk fields localized at a = 0 and a = 1 and to achieve the fermion mass hierarchy.
The authors also introduce the wall-bulk mixing mass terms, which make unwanted zero
modes, such as triplet of SU(3)W in 6, be heavy. Our calculations do not include these
effects, so that our analyses of vacuum above are not for the model in Ref.[6]. In this
paper, we take the standing point that the fermion mass hierarchy should be reproduced
by another mechanism (as that shown in Ref.[7], where localization of bulk fields is not
needed), and neglect the effects of wall-bulk mixing mass terms, which is justified when the
compactification scale is higher than these mass terms8. In this situation, we can conclude
that the vacuum does not realize the suitable electro-weak symmetry breaking. So this
model should be modified as realizing the suitable vacuum for the realistic gauge-Higgs
unification scenario.
We introduce extra fields in the bulk for the suitable electro-weak symmetry breaking.
We should impose a discrete symmetry in order to avoid unwanted Yukawa interactions
between ordinary particles and extra fields. We consider the following two possibilities;
1. The one loop effective potential chooses a = 0 vacuum at the high energy (compact-
ification) scale, and the electro-weak symmetry breaking is realized by other effects,
such as [11], in the low energy.
2. In the TeV scale compactification, the suitable electro-weak symmetry breaking is
obtained through the one loop effective potential.
We realize these two situations by introducing extra bulk fields of N
(±)
f and N
(±)
a species of
hypermultiplets of fundamental and adjoint representations, respectively[12], where index
(±) denotes the sign of ηη′. We should take even number of N (±)f to avoid the gauge
anomaly. The extra matter contributions for the effective potential are given by[12, 13]
V extra−meff = 2C
∞∑
n=1
1
n5
(1− cos(2pinβ))×
[
N (+)a cos(2pina) +N
(−)
a cos(pin(2a− 1))
+
(
2N (+)a +N
(+)
f
)
cos(pina) +
(
2N (−)a +N
(−)
f
)
cos(pin(a− 1))
]
. (3.17)
The total effective potential is Veff = V
gauge
eff +V
q/l
eff +V
extra−m
eff . The vacuum of this effective
potential has the
(1) : unbroken phase (a = 0),
(2) : broken phase I (a = 1), (3.18)
(3) : broken phase II (a 6= 0, 1),
8The effect to the effective potential from wall-bulk mixing mass terms can be vanished due to the parity
assignment. We thank N. Okada for pointing out this.
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in which remaining gauge symmetries are (1): SU(2)L × U(1)Y , (2): U(1)EM × U(1), and
(3): U(1)EM, respectively. We can see 1st derivatives of V
extra−m
eff at a = 0 and a = 1
vanish, thus, that of the total effective potential also dose. The stability of each stationary
point is determined by the 2nd derivative of the effective potential evaluated at the point
as examined in Ref.[22]. By using the approximation formula for a small (positive) ξ,
∞∑
n=1
cos(nξ)
n3
≃ ζ(3) + ξ
2
2
ln ξ − 3
4
ξ2, (3.19)
∞∑
n=1
cos(nξ)
n3
(−1)n ≃ −3
4
ζ(3) +
ξ2
2
ln 2, (3.20)
where ζR(z) is the Riemann’s zeta function, the 2nd derivatives are approximated as
∂2Veff
∂a2
∣∣∣∣
a=0
= −2Cpi2
∞∑
n=1
1
n3
(1− cos(2pinβ))
[
9Ng + 4
(
5Ng − 1 +N (+)a
)
+ 4N (−)a (−1)n
+
(
10Ng − 2 + 2N (+)a +N (+)f
)
+
(
2N (−)a +N
(−)
f
)
(−1)n
]
≃ 2Cpi2(2piβ)2
[(
39Ng − 6 + 6N (+)a +N (+)f
)(
−1
2
ln(2piβ) +
3
4
)
+
(
−6N (−)a −N (−)f
) 1
2
ln 2
]
, (3.21)
∂2Veff
∂a2
∣∣∣∣
a=1
= −2Cpi2
∞∑
n=1
1
n3
(1− cos(2pinβ))
[
9Ng(−1)n + 4
(
5Ng − 1 +N (+)a
)
+ 4N (−)a (−1)n
+
(
10Ng − 2 + 2N (+)a +N (+)f
)
(−1)n +
(
2N (−)a +N
(−)
f
)]
≃ 2Cpi2(2piβ)2
[(
20Ng − 4 + 4N (+)a + 2N (−)a +N (−)f
)(
−1
2
ln(2piβ) +
3
4
)
+
(
−19Ng + 2− 2N (+)a − 4N (−)a −N (+)f
) 1
2
ln 2
]
. (3.22)
The point a = 0 (a = 1) is stable when ∂
2Veff
∂a2
∣∣∣
a=0
> 0
(
∂2Veff
∂a2
∣∣∣
a=1
> 0
)
. Whether these
points become the true vacuum (the global minimum) or not, more detailed analyses are
needed since there is the possibility to find local minimums at other points, in general.
However, the numerical analyses show the following results, at least, when the numbers of
bulk fields are not extremely large.
• When ∂2Veff
∂a2
∣∣∣
a=0
> 0 and ∂
2Veff
∂a2
∣∣∣
a=1
< 0, the stationary point a = 0 becomes a global
minimum, and the unbroken phase is realized.
• When ∂2Veff
∂a2
∣∣∣
a=0
< 0 and ∂
2Veff
∂a2
∣∣∣
a=1
> 0, the stationary point a = 1 becomes a global
minimum, and the broken phase I is realized.
• When ∂2Veff∂a2
∣∣∣
a=0
> 0 and ∂
2Veff
∂a2
∣∣∣
a=1
> 0, either two vacua are degenerated as a global
minimum or one of the points of a = 0 and a = 1 becomes a global minimum,
depending on bulk fields contents.
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They can be understood by the following discussion. Since n = 1 (of the summation of n)
and n = 2 (when contributions of n = 1 are canceled between ηη′ = + part and ηη′ = −
part.) have dominant contributions to the form of the effective potential, the effective
potential is approximated as a sum of ± cos(pia), ± cos(2pia), cos(3pia) and cos(4pia). When,
for example, ∂
2Veff
∂a2
∣∣∣
a=0
> 0, − cos(pia) and/or − cos(2pia) must dominate the effective
potential. This means that there is no global minimum between a = 0 and a = 1, when
∂2Veff
∂a2
∣∣∣
a=0
and/or ∂
2Veff
∂a2
∣∣∣
a=1
are positive. It is justified as long as there are no higher
representation fields in the bulk that induce the other terms (e.g. − cos(3pia)).
The remaining case is as follows.
• When ∂2Veff
∂a2
∣∣∣
a=0
< 0 and ∂
2Veff
∂a2
∣∣∣
a=1
< 0, there is a global minimum at a 6= 0, 1, and
the broken phase II is realized.
It is worth noting that the phase structure is completely determined by the bulk fields
contents in this situation.
Above discussion suggests that we can obtain a vanishing VEV, a = 0, as the global
minimum when ∂
2Veff
∂a2
∣∣∣
a=0
> 0 and Veff |a=0 < Veff |a=1. And, we can obtain a small VEV,
(0 <)a≪ 1, when we choose a point near the region corresponding to the unbroken phase
in the parameter space. Namely, when ∂
2Veff
∂a2
∣∣∣
a=0
<∼ 0 and ∂
2Veff
∂a2
∣∣∣
a=1
< 0, a small VEV will
be obtained9.
Now let us consider the situation all three generation quarks and leptons exist in the
bulk. Equation (3.21) suggests that at least O(10) numbers of N (−)a and/or N (−)f are
required for realizing vacuum at a = 0 and a≪ 1, since (−12 ln(2piβ) + 34) / ( 12 ln 2) ∼ 3 for
β = 0.1. The former situation, a = 0, can be realized when the number of extra bulk fields
are N
(+)
a = 0, N
(+)
f = 0, N
(−)
a = 50, and N
(−)
f = 50, for examples. For realizing the latter
situation, we assume that the compactification scale is of O(1) TeV10 and wall-bulk mass
scale is of O(100) GeV. The suitable electro-weak symmetry breaking is realized when the
global minimum exists at a ≪ 1, and one example of the parameter set for realizing it is
N
(+)
a = 0, N
(+)
f = 0, N
(−)
a = 45, and N
(−)
f = 40. Figure 1 shows the Veff in the region
of 0 ≤ a ≤ 1 and 0 ≤ a ≤ 0.05. The minimum exists at a = 0.022, which is around the
suitable magnitude of the weak scale in the case of TeV scale compactification. The kinetic
term of the “Higgs field” can be reproduced through the effects of wall-localized kinetic
terms[6]. Setting 〈A5〉 /
√
2piR = a/g4R ∼ 246GeV, the mass squared of the “Higgs field”
is given by
m2A5 = (gR)
2 ∂
2Veff
∂a2
∣∣∣∣
a=0.022
=
3g24
32pi4R2
∂2(Veff/(Cpi
2))
∂a2
∣∣∣∣
a=0.022
. (3.23)
9In Ref.[12] we have obtained the bulk field content by finding the case that induce large coefficients of
− cos(pina) and/or cos(pin(a−1)), and small (but non-zero) coefficients of cos(2pina) and− cos(2pin(a−1/2)).
This approach of finding the suitable bulk field content inducing a (a≪ 1) is generalized by the approach
of finding the cases of ∂
2
Veff
∂a2
∣∣∣
a=0
<
∼ 0 and
∂
2
Veff
∂a2
∣∣∣
a=1
< 0.
10In this paper we assume that the effect of wall-localized kinetic terms to the effective potential[8] is
negligible. We need to check whether the suitable value of sin2 θW and the gauge coupling unification
are realized by the effects of wall-localized kinetic terms without affecting the effective potential. For the
possibilities, the power law unification[23] or the accelerated unification[24] might be useful.
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Figure 1: The effective potential in the case of N
(+)
a = N
(+)
f = 0, N
(−)
a = 45, N
(−)
f = 40 with
β = 0.1 and Ng = 3. The unit is C = 3/64pi
7R5. The horizontal line shows 0 ≤ a ≤ 1 and
0 ≤ a ≤ 0.05.
Numerical analysis shows
m2A5 ∼
(
0.062g4
R
)2
∼ (700g24 GeV)2, (3.24)
where the 4D gauge coupling constant g4 ≡ g/
√
2piR is expected to be of O(1). We take
β = 0.1, since the soft mass is given by β/R. We should notice that the suitable global
minimum can be realized by introducing less numbers of extra bulk fields, when only the
2nd and 3rd generations, or only the 3rd generation quarks and leptons spread in the bulk.
4. SU(6) model
Next, we study the vacuum structure of the SU(6) model, in which the Higgs doublets can
be identified as the zero mode components of Σ[5, 6]. We take
P = diag(1, 1, 1, 1,−1,−1), (4.1)
P ′ = diag(1,−1,−1,−1,−1,−1), (4.2)
in the base of SU(6), which divide V and Σ as
V =


(+,+) (+,−) (+,−) (+,−) (−,−) (−,−)
(+,−) (+,+) (+,+) (+,+) (−,+) (−,+)
(+,−) (+,+) (+,+) (+,+) (−,+) (−,+)
(+,−) (+,+) (+,+) (+,+) (−,+) (−,+)
(−,−) (−,+) (−,+) (−,+) (+,+) (+,+)
(−,−) (−,+) (−,+) (−,+) (+,+) (+,+)


, (4.3)
Σ =


(−,−) (−,+) (−,+) (−,+) (+,+) (+,+)
(−,+) (−,−) (−,−) (−,−) (+,−) (+,−)
(−,+) (−,−) (−,−) (−,−) (+,−) (+,−)
(−,+) (−,−) (−,−) (−,−) (+,−) (+,−)
(+,+) (+,−) (+,−) (+,−) (−,−) (−,−)
(+,+) (+,−) (+,−) (+,−) (−,−) (−,−)


. (4.4)
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They suggest that P and P ′ make SU(6) break to SU(3)c×SU(2)L×U(1)Y ×U(1). Also,
there appears two “Higgs doublet” superfields as the zero modes of Σ. The VEV of Σ is
written as
1
2gR


0 0 0 0 0 a
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
a 0 0 0 0 0


≡ 1
gR
a
λ
2
(4.5)
by using the residual SU(2)L ×U(1)Y ×U(1) global symmetry. The gauge contribution of
the effective potential in the SU(6) model is given by[12, 13]
V gaugeeff = −2C
∞∑
n=1
1
n5
(1− cos(2pinβ)) × (4.6)
[6 cos(pin(a− 1)) + 2 cos(pina) + cos(2pina)].
As for the quarks and leptons, we introduce 20, 15, 15, and 6 representation bulk
hypermultiplets in order to reproduce the Yukawa interactions of up-, down-, charged
lepton-, and neutrino-sectors, respectively[6]. The up- and down-sector fields, 20 and 15,
possess ηη′ = −, while the charged lepton- and neutrino-sector fields, 15 and 6, possess
ηη′ = +[6]. Their contributions to the effective potential are given by
V
q/l
eff = 2NgC
∞∑
n=1
1
n5
(1− cos(2pinβ)) × [gu(a) + gd(a) + ge(a) + gν(a)], (4.7)
gu(a) = 3 cos(pina) + 3 cos(pin(a− 1)), (4.8)
gd(a) = 3 cos(pina) + 2 cos(pin(a− 1)), (4.9)
ge(a) = 2 cos(pina) + 3 cos(pin(a− 1)), (4.10)
gν(a) = cos(pina), (4.11)
where Ng is the generation number, and gu(a), gd(a), ge(a), and gν(a), are contribution
from up-, down-, charged lepton-, and neutrino-sectors, respectively. The contributions
from the fundamental, 6, and anti-symmetric tensor, 15, representations are shown in the
general formula in Ref.[13]. The remaining contributions from 20 can be also calculated by
using the same calculation method in Ref.[13]. As suggested there, the product of parities
(Eq.(4.1) and Eq.(4.2)),
PP ′ = diag(1,−1,−1,−1, 1, 1), (4.12)
by which the gauge symmetry is reduced as SU(6) → SU(3)c × SU(3)L × U(1), plays an
important role. In this case, the generator λ in Eq.(4.5) is one of the generators of SU(3)L.
The 20 is decomposed as
35→ (3, 3¯,+) + (1,1,+) + (3¯,3,−) + (1,1,−) (4.13)
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in terms of (SU(3)c, SU(3)L, PP
′). This means that the eigenvalues of Dy(A5)
2 for a 20
representation field B are
8× n
2
R2
, 3× (n± a/2)
2
R2
, 3× (n ± a/2 − 1/2)
2
R2
, (4.14)
where eigenfunctions of B are expanded as B ∝ cos nyR , sin nyR (cos (n+1/2)yR , sin (n+1/2)yR ) for
(P,P ′) = (+,+) or (−,−) ((+,−) or (−,+)). Therefore, the contribution from the 20
representation to the effective potential is
i
2
∫
d4p
(2pi)4
1
2piR
∞∑
n=−∞
[
4 ln
(
−p2 +
( n
R
)2)
+ 3 ln
(
−p2 +
(
n− a/2
R
)2)
+3 ln
(
−p2 +
(
n− a/2− 1/2
R
)2)]
.
=
1
2
C
∞∑
n=1
1
n5
[3 cos(pina) + 3 cos(pin(a− 1))], (4.15)
up to a-independent terms, for one degree of freedom of the fermion. This is just the
Eq.(4.8).
Now, we have the total effective potential,
Veff = V
gauge
eff + V
q/l
eff = 2C
∞∑
n=1
1
n5
(1− cos(2pinβ))×
[− cos(2pina) + (9Ng − 2) cos(pina) + (8Ng − 6) cos(pin(a− 1))]. (4.16)
As in the previous section, the 1st derivative, ∂Veff/∂a has a factor sin(pina), which means
that the stationary points exist at least at a = 0 and a = 1. The difference of the heights
between two points is given by
Veff(a = 0)− Veff(a = 1) = 4(Ng + 4)C
∞∑
n=1
1
(2n− 1)5 (1− cos(2pi(2n − 1)β)). (4.17)
This means that the height of a = 0 is higher than that of a = 1 even when Ng = 0. The
vacuum a = 1 induces the Wilson loop,
WC = exp(ig
∫ 2piR
0
dy
1
gR
a
λ
2
)
= exp(ig
1
gR
λ
2
2piR) =


−1
1
1
1
1
−1


, (4.18)
which suggests SU(2)L ×U(1)Y is broken to U(1)EM ×U(1). This case can not reproduce
the correct weak scale VEV as in the previous section.
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Then, let us introduce extra fields in the bulk for the suitable electro-weak symmetry
breaking. We introduce the extra bulk fields of N
(±)
f and N
(±)
a species of hypermultiplets
of fundamental and adjoint representations, respectively. The extra matter contributions
for the effective potential are given by[12, 13]
V extra−meff = 2C
∞∑
n=1
1
n5
(1− cos(2pinβ))
[
N (+)a cos(2pina) +N
(−)
a cos(pin(2a− 1))
+
(
2N (+)a + 6N
(−)
a +N
(+)
f
)
cos(pina)
+
(
6N (+)a + 2N
(−)
a +N
(−)
f
)
cos(pin(a− 1))
]
. (4.19)
There are three phases as Eq.(3.18). As in the previous section, the phase structure is
obtained by the bulk field content, which is calculated by the 2nd derivatives at a = 0 and
a = 1,
∂2Veff
∂a2
∣∣∣∣
a=0
≃ 2Cpi2(2piβ)2
[(
9Ng − 6 + 6N (+)a + 6N (−)a +N (+)f
)(
−1
2
ln(2piβ) +
3
4
)
+
(
−8Ng + 6− 6N (+)a − 6N (−)a −N (−)f
) 1
2
ln 2
]
, (4.20)
∂2Veff
∂a2
∣∣∣∣
a=1
≃ 2Cpi2(2piβ)2
[(
8Ng − 10 + 10N (+)a + 2N (−)a +N (−)f
)(
−1
2
ln(2piβ) +
3
4
)
+
(
−9Ng + 2− 2N (+)a − 10N (−)a −N (+)f
) 1
2
ln 2
]
, (4.21)
Here we use Eqs.(3.19) and (3.20). As mentioned in the previous section, a = 0 point
becomes the global minimum when ∂
2Veff
∂a2
∣∣∣
a=0
> 0 and Veff |a=0 < Veff |a=1. On the other
hand, a small VEV, (0 <)a≪ 1 is realized when ∂2Veff
∂a2
∣∣∣
a=0
<∼ 0 and ∂
2Veff
∂a2
∣∣∣
a=1
< 0.
Let us consider the situation all three generation quarks and leptons exist in the bulk.
For both cases at least O(10) numbers of N (−)f are required from Eq.(4.20). The vacuum,
a = 0, is realized, for instance, when the extra bulk fields are introduced as N
(+)
a = 0,
N
(+)
f = 0, N
(−)
a = 0, and N
(−)
f = 50. While in the TeV scale compactification, the global
minimum a≪ 1 is possible when, for examples, N (+)a = 0, N (+)f = 0, N (−)a = 0, N (−)f = 42.
Figure 2 shows the Veff in the region of 0 ≤ a ≤ 1 and 0 ≤ a ≤ 0.05. The minimum exists
at a = 0.025, which is around the suitable magnitude of the weak scale in the TeV scale
compactification. The mass squared of the “Higgs field” is given by
m2A5 ∼
(
0.012g4
R
)2
∼ (120g24 GeV)2, (4.22)
where g4 = O(1) and β = 0.1.
As in the previous section, the suitable vacuum can be obtained by less numbers of
extra bulk fields when only the 2nd and 3rd generations, or only the 3rd generation quarks
and leptons exist in the bulk. As for the extra residual U(1) gauge symmetry, we assume
it is broken by an extra elementally Higgs field.
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Figure 2: The effective potential in the case of N
(+)
a = N
(+)
f = 0, N
(−)
a = 0, N
(−)
f = 42 with
β = 0.1 and Ng = 3. The unit is C = 3/64pi
7R5. The horizontal line shows 0 ≤ a ≤ 1 and
0 ≤ a ≤ 0.05.
5. Summary and discussion
We have studied the possibility of the dynamical symmetry breaking in the gauge-Higgs
unification in the 5D N = 1 SUSY theory compactified on an orbifold, S1/Z2. We have
considered SU(3)c ×SU(3)W and SU(6) models, where the gauge symmetries are reduced
to SU(3)c ×SU(2)L ×U(1)Y and SU(3)c ×SU(2)L ×U(1)Y ×U(1), respectively, through
the orbifolding boundary conditions. Our setup is quarks and leptons are bulk fields,
so that Yukawa interactions can be derived from the 5D gauge interactions. We have
calculated the one loop effective potential of “Higgs doublets” and analyzed the vacuum
structure of the models. We found that the effects of bulk quarks and leptons destabilize
the suitable electro-weak symmetry breaking vacuum. We showed that the introduction
of suitable numbers of extra bulk fields possessing the suitable representations makes two
appropriate scenarios be possible. One is the situation that the one loop effective potential
chooses symmetric vacuum at the compactification scale, and the electro-weak symmetry
breaking is occurred by other effects in the low energy. The other is the situation that
the one loop effective potential chooses the suitable electro-weak vacuum in a few TeV
compactification, where the masses of “Higgs doublets” are O(100) GeV. In this case we
can obtain the suitable electro-weak symmetry breaking with vanishing tree-level quartic
couplings. It is because the one loop effective potentials have the form of cos-function,
which is the characteristic feature of the Wilson line phase. And also the introduction of
the bulk fields with ηη′ = − is crucial for inducing the electro-weak energy scale[12], which
is smaller than the compactification scale. The large number of bulk fields, N
(−)
a,f = O(10),
makes the ”Higgs” mass rather large, although there are no tree-level quartic couplings in
this model.
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